Introduction
============

Infectious diseases are mainly caused by pathogenic microorganisms including viruses, fungi, bacteria, and parasites that have a profound impact on humankind because of their unique characteristics such as the ability to rapidly multiply in number, unpredictability, and evolutionary advantage.[@b1-ijn-12-4789]--[@b7-ijn-12-4789] For instance, there were more than 200 million people infected with malaria around the world in 2015.[@b8-ijn-12-4789] Many other infectious diseases such as viral hepatitis, dengue fever, cholera, severe respiratory syndrome, and avian influenza[@b5-ijn-12-4789] have posed a great threat to human life and caused more than half of deaths around the world.[@b9-ijn-12-4789] More importantly, the prevalent infectious diseases have caused continuous increase of morbidity and mortality rates in the developing nations.[@b10-ijn-12-4789] Although these diseases are generally localized to a particular region, they can spread worldwide easily because of increased global travel. Thus, there is an urgent need to develop new and novel diagnostics to detect infectious diseases to stop the spread, secure public health, and promote treatment.

The ideal diagnostic tools for infectious diseases should have the ability to be sensitive, rapid, specific, accurate, robust, low-cost, and user-friendly.[@b2-ijn-12-4789],[@b5-ijn-12-4789] Over the past half-century, many improvements in the diagnosis of infectious diseases have been achieved. The conventional diagnosis techniques include culture and microscopy, immunology, as well as the polymerase chain reaction (PCR) strategies.[@b11-ijn-12-4789]--[@b14-ijn-12-4789] These techniques have significantly contributed to the diagnosis of infectious diseases and greatly promoted the prevention and treatment for various infectious diseases. However, they have also shown many limitations, such as being slow, expensive, inaccurate, and require skilled technicians. Especially in the developing countries, these techniques have further limitations because of the poor resources and lack of skilled persons. Therefore, novel and new diagnostic techniques need to be developed for the prevention and treatment of infectious diseases to meet the unmet demands, such as early detection, high sensitivity, and the potential for point-of-care tests (POCTs) for among families and in community clinics worldwide.[@b15-ijn-12-4789]

Nanotechnology has advanced the development of many fields because of the unique properties of nanomaterials in optical, mechanical, magnetic, catalytic, and electrical perspectives.[@b16-ijn-12-4789]--[@b18-ijn-12-4789] For the past several decades, biomedical applications including tissue engineering, drug delivery, bioimaging, and nanodiagnostics have been promoted by the nanotechnology significantly.[@b19-ijn-12-4789]--[@b22-ijn-12-4789] Among these applications, nanodiagnostics have drawn more and more attention for the infectious diseases because of their unique characteristics in early detection, high sensitivity, and the potential for POCT.[@b15-ijn-12-4789] Toward this direction, lots of novel and efficient nanodiagnostics for infectious diseases have been developed. Most importantly, these nanotechnology-based systems have potential to develop the POCT platforms with portable, robust, and affordable properties to detect infectious diseases in the developing countries. For instance, researchers have developed a smartphone dongle as a POCT system to test infectious diseases.[@b15-ijn-12-4789] They have demonstrated that a full immunoassay traditionally operated in the laboratory can be integrated into a smartphone accessory to achieve the nanotechnology-based POCT for infectious diseases.[@b15-ijn-12-4789] Therefore, the nanodiagnostics in POCT have shown many promising advantages in the quick detection of infectious diseases and could be realized in the near future for different clinical requirements.

In this review, we focus on the recent trends in nanodiagnostics for infectious diseases, especially for the point-of-care (POC) nanodiagnostics that have the most potential to fight infectious diseases. We briefly introduce several major infectious diseases including viruses-caused diseases, bacteria-caused tuberculosis, and parasite-caused malaria. The conventional diagnosis techniques including culture and microscopy, immunology, and PCR are discussed and utilized to illustrate the current standards and limitations for the diagnosis of infectious disease. Finally, the current stages and recent efforts in nanodiagnostics for infectious diseases, including nanoparticle-based, nanodevice-based, and the most important nanotechnology-based POCT, are discussed to advance the development of novel and new approaches to diagnose and treat infectious diseases in the future.

Infectious diseases
===================

Viruses-caused infectious diseases
----------------------------------

Viruses are small infectious capsules with genetic materials inside, which can replicate only inside of the living cells. All life types can be infected by viruses from microorganisms to plants and animals. There are many viruses, such as human immunodeficiency virus (HIV), hepatitis B virus (HBV), and hepatitis C virus (HCV), that can cause the life-threatening infectious diseases.[@b23-ijn-12-4789],[@b24-ijn-12-4789] At the end of 2015, there were \~36.7 million people affected by HIV globally, which is still one of the major causes of morbidity and mortality worldwide.[@b25-ijn-12-4789] HIV is an RNA virus that can destroy immune cells such as dendritic cells, macrophages, and T cells,[@b5-ijn-12-4789] and is extremely hard for the diagnosis and treatment because of their high mutation rate. Currently, there is still no reliable therapy for HIV infection, which makes the diagnosis very important for AIDS patients. Several approaches have been invented to detect HIV, such as enzyme Western blot, PCR, and enzyme immunoassay.[@b26-ijn-12-4789] However, none of them are suitable for the real demand in clinics. For example, those HIV detecting platforms require expensive laboratory instruments and skilled technicians. The detection speed is also not rapid enough. Most of these techniques need several weeks to obtain a result, but the viral RNAs could be theoretically detected in the blood after 9 days from the infection.[@b24-ijn-12-4789] Thus, the early and efficient diagnosis of HIV is still urgently needed.

Viral hepatitis has affected \~400 million people worldwide, 10 times more than the number of people infected with HIV.[@b27-ijn-12-4789] Among them, HBV and HCV have already caused major public health issues worldwide. HBV can be transmitted through the body fluids or blood, and eventually infects people by attacking the liver system, and results in acute and chronic hepatitis diseases. HCV is another blood-borne virus, also causing acute and chronic hepatitis infection. It is normally transmitted through unsterilized medical devices, unsafe injection tools, and transfusion of infected blood. Many strategies have been developed for the diagnosis of HBV and HCV, such as PCR-based and immunology-based assays.[@b28-ijn-12-4789],[@b29-ijn-12-4789] Although these methods have improved the traditional tests with more sensitivity and efficiency, they still have their own shortcomings, including time-consuming, expensive instruments, requirements of specific and complicated protocols, and so on. Therefore, more novel and unique techniques or platforms need to be developed to meet the unmet clinical demands.

Bacteria-caused infectious diseases
-----------------------------------

There are many bacteria-caused infectious diseases such as tuberculosis and cholera, which have posed a great threat to human life worldwide, especially in developing countries. Tuberculosis is caused by *Mycobacterium tuberculosis* (MTB), which mainly affects the lungs. It can spread from person to person by the tuberculosis germs being propelled into the air through a cough, spit, or sneeze.[@b30-ijn-12-4789] Just a few of these germs could infect a person with tuberculosis. Tuberculosis is one of the top 10 causes of death in the world. In 2015, there were \~10 million new tuberculosis infections and 1.8 million people died from the disease worldwide.[@b31-ijn-12-4789] This disease was responsible for more deaths than HIV and malaria. Diagnosis of tuberculosis is very important in order to control the spread of MTB and to treat the infected person. Many strategies have been invented for the diagnosis of tuberculosis disease.[@b30-ijn-12-4789] In the early stages, active tuberculosis was diagnosed by culturing the tuberculosis bacteria;[@b32-ijn-12-4789] however, it may take several weeks to get a result. Recently, people have also developed blood-based diagnostic methods to detect tuberculosis disease using immunology techniques that have higher sensitivity and specificity,[@b36-ijn-12-4789] but the requirement of skilled technicians and expensive equipment makes it unsuitable in developing countries.

Parasite-caused infectious diseases
-----------------------------------

The parasite organisms can cause many infectious diseases such as malaria, leishmaniasis, and trypanosomiasis, resulting in high morbidity and mortality in developing countries. Among them, malaria is caused by different parasite *Plasmodium* species,[@b33-ijn-12-4789],[@b34-ijn-12-4789] and is an acute public health problem that needs to be eliminated. In 2015, worldwide, there were \~212 million newly infected malaria patients and \~429,000 patients died.[@b8-ijn-12-4789] Malaria can spread by mosquitoes and is particularly dangerous for pregnant women and children because of their poor immune system.[@b35-ijn-12-4789] Several approaches have been developed to diagnose malaria, including microscopy, immunology-based, and PCR.[@b36-ijn-12-4789],[@b37-ijn-12-4789] For a long time, microscopy was the most popular approach to diagnose malaria, especially in developing countries.[@b34-ijn-12-4789] Only a microscope and a drop of blood to check the malaria-induced parasites are required. However, this technology has many drawbacks for the detection of malarial disease. It is not easy to recognize different species of malarial parasites without skilled technicians. Low concentrations of parasites can also be extremely hard for diagnosis. A few decades ago, PCR was demonstrated as the most efficient method for the detection of malaria with low levels of parasites.[@b38-ijn-12-4789] However, it needs complicated operating skills and expensive equipment that is not usually available in poorly-resourced regions in developing countries.

Conventional diagnosis for infectious disease
=============================================

Currently, there are three different types of approaches developed for the detection of the infecting pathogens, including culture and microscopy, immunology, and PCR. For decades, the culture and microscopy approach was the most common strategy for the detection of infecting agents, by which microorganisms were cultured in a growth medium, followed by observation either using the naked eye or under the microscope. The observation could be based on the shape, size, and color of the colony formed. Without the necessity of culture process, the microscopy also has the ability to recognize and detect the pathogenic agents from patient samples directly, such as blood, urine, and stool. The immunology-based strategy has been widely utilized for disease diagnosis through the detection of specific bindings between the antibody and antigen. Different immunology-based methods have been developed for the diagnosis of infectious diseases, including enzyme-linked immunosorbent assay (ELISA), fluorescent immunoassays, magnetic immunoassays, radio-immunoassays (RIA), lateral flow immunoassays, and so on. For instance, the enzyme immunoassays, followed by Western blot techniques to detect the immunoglobulin M antibodies in the serum from patients, have been used as a current gold standard for HIV diagnosis.[@b39-ijn-12-4789] In recent years, the PCR method has been commonly utilized for amplifying RNA or DNA from pathogens for the diagnosis of infectious diseases. It can detect a single targeted DNA sequence with 1 million fold in 1 hour.[@b9-ijn-12-4789] Currently, there are three PCR-based approaches used to diagnose infectious diseases, including multiplex PCR, reverse transcriptase PCR, and real-time PCR. Due to the high speed, specificity, and sensitivity, real-time PCR has been widely utilized in infectious diseases diagnosis.

Like a coin having two sides, the conventional diagnostic approaches have advantages, such as specificity, robustness, sensitivity, and accuracy, but also have drawbacks, especially for the earlier and rapid detection of infectious diseases. For one thing, the tests are time-consuming, which is an obvious negative characteristic. As for the culture and microscopy method, primary tests may take 2--3 days, and the final test could take up to 7--10 days to confirm the diagnostic results. To obtain useful results, pathogens in the original samples from patients or the cultured pathogens at final stages should pass a certain level when the culture and microscopy method was used. Otherwise, it could be undetectable or result in false-negative conclusions. In addition, requirements of complicated and expensive facilities, high cost, low portability, and potential cross contamination are other typical limitations for these conventional diagnostic approaches. These drawbacks make them particularly unsuitable for the early diagnosis or POCT for infectious diseases. Therefore, more and more novel technologies or approaches such as nanodiagnostics could have the opportunity to overcome these challenges and eventually be developed to be an ideal strategy to meet the unmet demands in the clinical diagnosis of infectious diseases.

Nanodiagnostics for infectious diseases
=======================================

Nanodiagnostics, defined as the use of nanotechnology in diagnostic applications, has been extensively studied to meet the requirements of clinical diagnostics with high sensitivity and earlier detection of various diseases.[@b40-ijn-12-4789] The high surface-to- volume ratio of nanostructures makes them very suitable to attach lots of targeting molecules that improve the sensitivity of the detecting results.[@b41-ijn-12-4789],[@b42-ijn-12-4789] The unique properties of nanomaterials or nanostructures confer the nanodiagnostic platforms on an ability of rapid and real-time detection by only using very small volumes of samples from patients. Thus, nanodiagnostic approaches have huge potential to be low-cost, user-friendly, and robust systems. Currently, most of the nanodiagnostic applications are focused on the detection of pathogens in infectious diseases and cancer biomarkers in cancer therapy. For the infectious diseases, the nanodiagnostic platforms have the ability to achieve reliable and rapid conclusions with simple and portable devices just by using blood, sputum, or urine samples from patients.[@b43-ijn-12-4789] In addition, the sensitive nanodiagnostics platforms, with much potential to be robust, affordable, and reproducible, could be suitable for applications in the diagnosis of infectious diseases, particularly in resource-poor areas in the developing countries.

Nanoparticle-based diagnosis for infectious diseases
----------------------------------------------------

There are many nanoparticles, particularly fluorescent nanoparticles, metallic nanoparticles, and magnetic nanoparticles, which have been successfully utilized for the diagnosis of infectious diseases. Fluorescent nanoparticles are sensitive and photostable fluorescent probes that can be used to label many different biological targets. They have been demonstrated as new strategies to perform disease diagnosis in real time through bioimaging or sensing activities. Quantum dots are semiconductor-based fluorescent nanostructures with the size around 1--10 nm, which have many novel properties, such as photostability, high quantum yield, and bright. The fluorescence functions of quantum dots can be easily tuned through the changes in their size and composition. As a successful example, HBV has been diagnosed simply and sensitively through the dot immunoassay using the quantum dots nanobeads (QDNBs), as shown in [Figure 1](#f1-ijn-12-4789){ref-type="fig"}.[@b44-ijn-12-4789] The fluorescent signal from the QDNBs could be amplified because of encapsulation of many quantum dots in an individual nanoparticle. After immobilization of the hepatitis B surface antigens on the porous polyvinylidene difluoride, the antibody-conjugated QDNBs as molecular probes were incubated with the antigens together, and the fluorescent dots were then recorded using a CCD camera under the illumination of UV lamp. It has been demonstrated that this simple QDNBs-based diagnostic system can be used to detect as low as 78 pg of hepatitis B surface antigen, indicating that the diagnosis of infectious diseases through the QDNBs is very sensitive and potentially useful for the detection of other biomarkers in a very complex biological environment.[@b44-ijn-12-4789]

The most used metallic nanoparticles in the diagnosis applications are gold and silver nanoparticles. These metallic nanoparticles could emit intense absorption when excited with electromagnetic radiation.[@b41-ijn-12-4789] The gold nanoparticles are the first nanomaterials as nanodiagnostics for the detection of DNA in 1996.[@b45-ijn-12-4789] The changes in the color of gold nanoparticles in solution from red to blue have been demonstrated after DNA-guided aggregations, which make them ideal nanomaterials for nanodiagnostics because of their unique color changes and other chemical and physical properties. Many different molecules, such as antibodies, antigens, and enzymes, could be conjugated with gold nanoparticles as electrochemical labels, optical probes, and signal transfer amplifiers for the diagnosis of various diseases. For instance, the gold nanorods have been used to diagnose HIV through their second-order nonlinear optical properties.[@b46-ijn-12-4789] A 100 picomolar target DNA can be recognized by a 145-mer oligonucleotide probe, which was recorded by a hyper-Rayleigh scattering (HRS) spectroscopy with high sensitivity and selectivity. The gold nanorods have demonstrated a rapid, simple, and efficient detection of single-base-mismatch HIV-1 virus DNA through the HRS intensity changes.[@b46-ijn-12-4789] A similar HRS technique with gold nanoparticles has also been developed to detect HCV for infectious diseases.[@b47-ijn-12-4789] The gold nanoparticles were conjugated with HCV ssRNA tagged with rhodamine 6G, through which as low as 80 picomolar HCV ssRNA could be detected, and the selectivity can reach a single base-pair mismatch.[@b47-ijn-12-4789]

Magnetic nanoparticles have been successfully applied in many biomedical applications, such as bioimaging, cancer therapy, and nanodiagnostics.[@b48-ijn-12-4789]--[@b52-ijn-12-4789] This diagnosis is based on the enhanced separation and detection of aligned magnetic nanoparticles bonded with targeting agents under an applied magnetic field.[@b9-ijn-12-4789] As commonly used magnetic nanoparticles, iron oxide nanoparticles, composed of magnetite or maghemite cores, have been used as contrast agents for magnetic resonance imaging. The surface of the iron oxide nanoparticles can usually be modified and conjugated with antibodies, proteins, and nucleic acids, in order to detect many different infecting pathogens, such as viruses, bacteria, and parasites. As a successful example, the magnetic nanoparticles with iron oxide core and silver shell have been demonstrated for the efficient and early diagnosis of malaria, an infectious disease.[@b53-ijn-12-4789] These magnetic nanoparticles showed an ability to detect β-hematin crystals, an equivalent of hemozoin biocrystals, through the magnetic field-enriched surface-enhanced resonance Raman spectroscopy. The hemozoin has been recognized as a biomarker for malaria infection, and could be used for early diagnosis of malaria. Through an external magnetic field, the detection limit of β-hematin can reach as low as 5 nM, which is around 30 parasites in 1 µL of blood samples from the early status of malaria-infected patients.[@b53-ijn-12-4789]

Nanodevice-based diagnosis for infectious diseases
--------------------------------------------------

Although numerous applications using simple nanoparticle-based nanodiagnostics for infectious diseases have been extensively studied, they are still far from meeting the real demands in the clinic. As many infecting pathogens, such as HIV, and *Plasmodium* parasites, always have multiple strain types, and many patients could be infected with multiple pathogens such as HIV and HBV together, more advanced nanodiagnostics focusing on the development of the complicated diagnosis of infectious diseases are greatly required. Currently, there are many techniques integrated with the nanotechnology to build nanodevice-based diagnostic platforms for the diagnosis of infectious diseases. Among them, lab-on-a-chip and microfluidics techniques have shown good promise for the detection of infectious diseases.[@b54-ijn-12-4789],[@b55-ijn-12-4789] Through these techniques, multiple assays could be integrated into one single device,[@b56-ijn-12-4789],[@b57-ijn-12-4789] resulting in a decrease in the volume of samples from infected patients, the consumption of materials, and the analysis time. These advantages of the integrated systems could greatly potentiate to build low-cost and portable devices.[@b58-ijn-12-4789]--[@b61-ijn-12-4789]

A successful integrated nanodevice with high-throughput and multiplexed detecting ability for the most important blood-borne infecting agents such as HIV, HBV, and HCV in serum samples has been developed through the combination of nanotechnology (quantum dots) and microtechnology (microfluidics) ([Figure 2](#f2-ijn-12-4789){ref-type="fig"}).[@b62-ijn-12-4789] Through this diagnosis, multiple pathogens could be detected precisely using the human serum samples simultaneously. The detection limitation of this diagnosis for the requiring serum volumes could be as low as 100 µL, and the detection could be finished within 1 hour, and the sensitivity is more than 50 times of the US Food and Drug Administration currently approved platforms.[@b62-ijn-12-4789] Another successfully developed nanodiagnostic platform for HIV was based on the detection of viral envelope glycoprotein gp120 using a mesoporous silica-based nanodevice.[@b63-ijn-12-4789] The nanosystems were coated with the human host cell surface receptor CD4 or an 18-mer peptide that mimics the gp120 binding region. These surface modifications confer the nanodevices to interact with the gp120 from HIV. Through the functional modification, this diagnostic system could potentiate to diagnose HIV infection, and even facilitate drug or vaccine development.[@b63-ijn-12-4789]

The integrated nanodevices could also be used to enrich the pathogens or pathogen DNAs, and eventually enhance the sensitivity of the conventional diagnostic approaches. As the low concentration of parasites in blood from early-stage malaria patients is always a big challenge for the diagnosis purposes, the conventional approaches, such as real-time PCR, still remain unpractical for the real clinical diagnosis of early-stage malaria patients. To this end, a shear modulated inertial label-free microfluidic system has been developed to concentrate the malaria parasites in blood for a more reliable and specific PCR diagnosis.[@b64-ijn-12-4789] The ring-shape malaria parasites from lysed blood samples were isolated using the high aspect ratio (height-to-width ratio) microchannel with pinched flow dynamics. The high shear rate in the channel width from these nanodevice-based systems made the white blood cells stay at the inlet and then concentrated around the sidewalls of the channels. Thus, the malarial parasites could continue to flow to the end and finally reach a high concentration. Using these concentrated parasites, the recorded signal from the real-time PCR showed around 2-time increase compared to the original malarial parasites in whole blood without removing white blood cells.

Through the isolation and enhancement strategies, the integrated nanodevices not only increase the reliable and specific diagnosis of malaria, an infectious disease, as mentioned above, but also potentiate to facilitate the diagnosis of other pathogens diagnosis.[@b64-ijn-12-4789] The immunofluorescence nanodevices provide another successful example to enhance the diagnosis of human tuberculosis by using the integrated nanodevices.[@b65-ijn-12-4789],[@b66-ijn-12-4789] Researchers have tried to enrich the extracellular DNA on nanostructured tips through the combination of dielectrophoresis and capillary actions.[@b66-ijn-12-4789] The dielectrophoresis was first used to attract DNA and other molecules around the nanotips, and then the capillary action could capture the DNA onto the nanotips. Through this enrichment procedure, the limitation of this detection for DNA is around 6.7 pg/mL. However, these nanodevice-based diagnostic platforms were not specific enough for the detection of small volume samples. To improve the specificity, a new diagnostic system, composed of immunofluorescence microtip sensor modified with genus-specific antibodies at their surfaces, was, therefore, invented for the detection of *M. tuberculosis* complex cells in sputum.[@b65-ijn-12-4789] By this new device, the target pathogens could be concentrated at the surfaces of the microtips using flow electric field and flow circulation. It has been demonstrated that this diagnostic platform could be used to diagnose tuberculosis in human sputum specifically through the combination of immune-affinity binding, electric field, and streaming flow techniques. The detection limitation was comparable to PCR, but more simple and faster. The diagnosis can be finished in 25 minutes without extra preparation steps, such as bacteria culture, centrifugation, and DNA amplification. In combination with portable and low-cost optical microscopy in the future, these platforms could be useful for the fast and specific POCT diagnosis for infectious diseases.

Application of nanodiagnostics in POCT for infectious diseases
==============================================================

The POCT could be defined as bedside diagnosis through mobile or portable devices, by which diagnostic results should be concluded rapidly for patients and their physicians.[@b67-ijn-12-4789] The World Health Organization has given the "ASSURED" criteria to guide the development of POCT, which is affordable, sensitive, specific, user-friendly, rapid and robust, equipment-free, and deliverable to end users.[@b68-ijn-12-4789] Those devices that satisfy the ASSURED standard should be able to provide same-day diagnosis and promote the decision making immediately.[@b69-ijn-12-4789] The POC diagnostic platforms have drawn more and more attention for the detection of infectious diseases because of their rapid, low-cost, and portable properties.[@b70-ijn-12-4789] These features are very important for the detection and control of infectious diseases, particular in low-resource areas in developing countries.

Although many nanoparticle-based and integrated nanodevice-based diagnoses with the high sensitivity for infectious diseases have shown good potential for the bedside tests, they still have a long way to come to meet the unmet needs in the POCT for infectious diseases because many of current nanodiagnositic systems need external resources such as electrochemical, optical, and magnetic resonance sensing systems, to detect the infecting agents for infectious diseases. These features force them to associate with expensive instruments and skilled technicians, indicating they are not suitable for the real needs in the POC diagnosis. To overcome these disadvantages, many efforts have been made to meet the "ASSURED" standard for the infectious disease diagnosis, such as the minimization of the detecting platforms or using the visible readout assays. In this review, the most important nanodiagnostics-based strategies and technique platforms proposed to develop novel POC diagnosis for the detection of pathogenic agents for infectious diseases, including diagnostic magnetic resonance (DMR) platform,[@b71-ijn-12-4789],[@b72-ijn-12-4789] magnetic barcode assay systems,[@b73-ijn-12-4789],[@b74-ijn-12-4789] cell phone-based polarized light microscopy platform,[@b75-ijn-12-4789],[@b76-ijn-12-4789] cell phone dongle platform,[@b15-ijn-12-4789],[@b77-ijn-12-4789] and paper-based POCT platform are introduced and discussed.[@b78-ijn-12-4789],[@b79-ijn-12-4789] These novel nanotechnology-based diagnostic platforms, with the advantages and drawbacks according to the ASSURED criteria listed in [Table 1](#t1-ijn-12-4789){ref-type="table"}, are currently the most promising POC diagnosis for various infectious diseases.

Miniaturized diagnostic magnetic resonance platform
---------------------------------------------------

The electrical engineering and microprocessor have strong powers to miniaturize the POCT devices through microtechnology and nanotechnology. A novel and miniaturized DMR platform has been developed for a rapid, quantitative, and multiplexed detection of infecting pathogens for infectious diseases.[@b71-ijn-12-4789] The DMR systems with potential portable properties have the ability to test unprocessed biological samples by using magnetic nanoparticles as proximity sensors. The DMR sensor is functioned by a self-amplifying proximity test with magnetic nanoparticles.[@b80-ijn-12-4789] The soluble nanoclusters resulting in a decrease in the bulk spin--spin relaxation time were formed through the conjugations between magnetic nanoparticles and the target molecules or proteins. The final results could be electronically recorded through the nuclear magnetic resonance (NMR) technique, which is faster than the surface structure-based nanodevices that need more time to prepare the samples and target the pathogenic agents. This feature also made them suitable to test blood, urine, or sputum samples with limited or no preparation procedures. A pilot trial has demonstrated that the miniaturized NMR system could overcome the low NMR signal level even without external magnetic fields, and was able to detect bacteria and identify protein biomarkers simultaneously.[@b71-ijn-12-4789] It is predictable that this miniaturized DMR platform, in combination with microfabrication strategies, could be used as a portable, low-cost, and high-throughput POC nanodiagnostics system for the large-scale detection of infectious diseases in the future.

The miniaturized DMR system could also be utilized for rapid profiling of infecting agents directly in clinical samples.[@b72-ijn-12-4789] Some ubiquitous and specific novel magneto-DNA probes were developed for sensitive and specific targeting bacterial 16S rRNAs using a nanoparticle hybridization assay through the miniaturized DMR platforms. The universal and specific detection of various clinically relevant infecting agents could have the single bacteria sensitivity. Moreover, the diagnosis has the ability to rapid profile infecting agents directly and simultaneously detects a panel of 13 pathogens within 2 hours in clinical specimens. This magneto-DNA approach-based miniaturized DMR platform has considerable advantages over standard culture and real-time PCR systems according to the assay times and costs.

Magnetic barcode assay system
-----------------------------

The nanodevice-based diagnostic platforms have been developed for the sensitive and robust diagnosis of *M. tuberculosis* for tuberculosis infectious diseases;[@b73-ijn-12-4789] however, the fast identification of tuberculosis patients in the developing countries still remains a big challenge currently. In response to this challenge, a magnetic barcode assay system has been proposed for the quick detection of nucleic acids from infecting pathogens in only 2.5 hours. As shown in [Figure 3](#f3-ijn-12-4789){ref-type="fig"}, all of the components were integrated into a small fluidic chip. The DNA extraction could be finished in 30 minutes from the off-chip method. The target DNA sequence can be captured by polymer beads conjugated with capture DNA and magnetic nanoprobes through complementary sequences. Asymmetric PCR was used to amplify the signal of target DNA, followed by application of a portable NMR system to produce the desired signals. This diagnostic system could supply analytical NMR signals for nucleic acid detection of infecting pathogens. Except for the DNA extraction, all the procedures were operated in the integrated microfluidic systems. Upon the magnetic labeling and on-chip PCR amplification, the target samples were purified and concentrated in a microcoil using the membrane filter, and then the final results were recorded by a portable NMR platform. The sensitivity and specificity of this diagnosis have already been confirmed through the detection of bacteria from tuberculosis patients and healthy people.[@b73-ijn-12-4789]

The magnetic barcode system has also been successfully utilized in the multiplex detection of the most representative infectious bacteria such as *Staphylococcus aureus*, methicillin-resistant *Staphylococcus aureus*, and *Klebsiella pneumoniae*.[@b74-ijn-12-4789] In this novel POCT system, the fluorescent nanoparticle QDs and magnetic particles were used, and according to the changes in emission maxima of CdTe QDs modified by specific targeting bacteria specific genes such as wcaG, fnbA, and mecA, this POCT platform has the ability to detect the infectious bacteria concentrations as low as 10^2^ CFU/mL. From our perspective, these portable magnetic barcode assay systems have potential in POC diagnosis for the sensitive, efficient, rapid, and low-cost detection of many other infectious diseases.

Cell phone-based polarized light microscopy platform
----------------------------------------------------

Immunology-based diagnosis of infectious diseases usually generates a color for positive samples. However, the signal is always too weak for the visible readouts for POCT because of the limited concentration of target pathogens or low volume of samples from infected patients. Recently, cell phones, integrated with a transmission polarized light microscope platform, have shown big promise for the POCT diagnosis for infectious diseases.[@b15-ijn-12-4789],[@b67-ijn-12-4789],[@b81-ijn-12-4789] A low-cost and optical cell phone-based transmission polarized light microscope platform has been developed to detect hemozoin for malaria, an infectious disease.[@b75-ijn-12-4789] This parasite is very difficult to be observed and recognized from the background items or other parasites by using the conventional microscope techniques, even for highly trained skilled technicians. Although the polarized light microscopy has more advantages for detection of this parasite for infectious diseases, the cost for the instruments, technicians training, and other resources are too much to be utilized. Thus, the newly developed cell phone-based polarized light microscopy platform could be more promising than the larger bench-top system. The three-dimensional printed accessories were used to integrate the iPhone 5s cell phone camera and the microscope lens with 40× magnification, which could have the similar functions as the original large-scale laboratory microscope setup. The resolution and field of view characterization, malaria bright field and polarized imaging, and non-malaria polarized light comparative sample testing were operated to produce the results. A Leica polarized white light microscope was utilized as a positive reference for the comparison. Therefore, as compared to the larger bench-top system, it potentiates to have high fidelity and optical resolution, as well as enough specificity to detect malarial parasites with simple, low-cost, and user-friendly characteristics.[@b75-ijn-12-4789]

Another successful pilot study to use the cellphone microscope for the POCT is the sensitive and specific quantification of blood-borne filarial parasites.[@b76-ijn-12-4789] Filarial parasite *Loa loa* has caused severe issues in central Africa. This system has a lot of potential to diagnose and control this infectious disease based on the automatic quantification of *Loa loa* microfilariae in whole blood. The blood samples could be collected in a small glass capillary from a finger prick and there is no need of the conventional sample preparation and staining procedures. A pilot study showed that the diagnosis reached a 100% sensitivity and 94% specificity from 33 potentially *Loa loa*-infected patients.

Cell phone-based dongle platform
--------------------------------

Cell phones have been widely investigated for the application of POC diagnostics because of their user-friendly interface, fast computing function, wireless data processing, and declining prices.[@b82-ijn-12-4789] Most previous studies focused on the utilization of just one function from the cellphone, such as data processing or camera. It is difficult for those platforms to meet the ASSURED criteria in POC diagnosis for infectious diseases.[@b82-ijn-12-4789] Recently, a very novel nanodiagnostics platform, replicating the full laboratory quality immunoassay into a cell phone accessory, has been developed ([Figure 4](#f4-ijn-12-4789){ref-type="fig"}). This is one of the most successful promising POC nanodiagnostic systems that could be used in clinical environments in the future.[@b15-ijn-12-4789] In this system, a small and light dongle was designed to have the similar function with an ELISA microplate assay using disposable plastic cassettes preloaded with reagents. The gold nanoparticles and silver ions were used for the amplification steps instead of enzymes and substrate in ELISA systems.[@b83-ijn-12-4789] All the mechanical, electronic, and optical functions were operated using the power from a cell phone in this system. These features make them very unique from the previous nanodiagnostic platforms that need external energy or resources for the sensing purposes. The whole blood from 96 patients with the potential blood-borne infectious disease through finger prick methods was used to test the detecting capabilities of the cell phone-based dongle platform. The triplexed immunoassay using HIV antibody, treponemal specific syphilis antibody, and nontreponemal antibody for active syphilis infection were operated in a single test from this platform. The test results could be obtained in 15 minutes from the triplex assays in a blinded experiment, by which a detecting specificity from 79% to 100%, and sensitivity from 92% to 100% were demonstrated. Patients are more likely to prefer (97%) this dongle system with quick results from a single finger prick than the conventional ELISA tests.

Recently, a similar cellphone dongle system has also been developed for the detection of hemoglobin concentration and measurement of HIV antibodies successfully.[@b77-ijn-12-4789] In this system, an immunoassay device was expanded to quantitatively detect hemoglobin concentration and HIV antibodies through colorimetric measurement of the optical density of silver precipitation on gold nanoparticles. It has been demonstrated that the HIV immunoassay in the presence of CHAPs detergent could have 95% specificity and 95% sensitivity. These cell phone-based dongle platforms not only demonstrated their abilities for the HIV and syphilis diagnosis in a real POCT manner, but also supplied a new direction for the development of novel nanodiagnostics platforms with integrated nanotechnology, microtechnology, and consumer electronics for POC diagnosis of infectious diseases in the future.

Paper-based POCT platform
-------------------------

The unique properties of paper, such as being low cost, portable, and disposable, make it very suitable for the POC diagnosis. Different paper-based POCT platforms with visible readouts have been intensively studied for the diagnosis of infectious disease.[@b67-ijn-12-4789] In combination with multicolored silver nanoplates, a novel paper-based POC diagnostic platform for multiplexed detection of infecting pathogens has recently been proposed.[@b78-ijn-12-4789] Based on multiplexed lateral flow system, the paper-based POCT platforms showed a rapid testing speed and an ability to detect multiple infecting pathogens simultaneously by using only one individual strip.[@b84-ijn-12-4789] These characteristics make them very suitable for the POC diagnosis of infectious disease because of their simple, low-cost, and robust properties.[@b85-ijn-12-4789] As shown in [Figure 5](#f5-ijn-12-4789){ref-type="fig"}, this lateral flow system-based paper POCT platform was composed of an absorbent pad (wick), nitrocellulose membrane, conjugate pad (CP), and sample pad. The triangular plate-shaped silver nanoparticles conjugated with different antibodies, which could result in easily distinguishable colors due to the size-tunable absorption spectra of silver nanoparticles, were preloaded in the CP. The antibodies recognizing yellow fever virus NS1 protein, Ebola virus, Zaire strain glycoprotein GP, and dengue virus NS1 protein were used to conjugate with the triangular plate-shaped silver nanoparticles for the sandwich assay. This diagnostic system could distinguish different biomarkers of infectious diseases by different color readout on the test lines, with detecting sensitivity of as low as 150 ng/mL. More importantly, this nanodiagnostic platform can perform the multiplexed analysis without external excitation sources, which greatly featured it for the POC diagnosis of infectious diseases.[@b78-ijn-12-4789]

Although this simple and promising paper-based POC nanodiagnostic platform has much potential to meet the ASSURED criteria for diagnosis applications in both developed and developing nations, there still remain several limitations, such as the detecting sensitivity and accuracy. For instance, a commercially available NanoSign^®^ HBs POCT strip has been evaluated for its ability to detect HBsAg for hepatitis B infectious diseases.[@b79-ijn-12-4789] This POC nanodiagnostic system was utilized to screen serum samples from 297 patients with potential HBV infections. Only a 73.7% detecting sensitivity and 97.8% specificity for HBsAg were confirmed. Moreover, false-negative results were frequently observed in a clinical setting, indicating that the sensitivity and specificity of this paper-based POC nanodiagnostic platform still needs to be improved.

Conclusion and perspectives
===========================

Nanodiagnostic technologies have been successfully applied in the diagnosis of infectious diseases. In this review, we provided an overview of recent trends in nanodiagnostics for infectious diseases from the perspectives of nanoparticle-based, nanodevice-based, and POCT platforms. With an emphasis on the nanotechnology-based POCT system, the most novel and promising POC nanodiagnostic platforms and systems, such as miniaturized DMR platform, magnetic barcode assay system, cell phone-based polarized light microscopy platform, cell phone-based dongle platform, and paper-based POCT platform, were fully discussed. Although they have many significant advantages over conventional diagnostic strategies such as low cost, portability, and disposability, they all are still in the early phase of development. Currently, the most promising POC nanodiagnostic devices may perform well in certain aspects, but they may fail to satisfy all the requirements of the ASSURED criteria. Therefore, multidisciplinary efforts are still needed from biological, engineered, and clinical perspectives for the development of highly integrated and novel POC nanodiagnostics that can promote the control and cure of infectious diseases worldwide.
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![Schematic illustration of the detection of HBsAg using QDNBs for the diagnosis of hepatitis B.\
**Notes:** Reprinted by permission from Zhang P, Lu H, Chen J, Han H, Ma W. Simple and sensitive detection of HBsAg by using a quantum dots nanobeads based dot-blot immunoassay. *Theranostics*. 2014;4(3):307--315. Copyright © 2014 Ivyspring International Publisher. Creative Commons license available at: <https://creativecommons.org/licenses/by-nc/4.0/legalcode>.[@b44-ijn-12-4789]\
**Abbreviations:** Ab, antibody; EDC, 1-ethyl-3-(3-di-methylaminopropyl) carbodiimide hydrochloride; HBsAg, hepatitis B surface antigen; PVDF, polyvinylidene difluoride; QDs, quantum dots; QDNB, quantum dots nanobead; UV, ultraviolet.](ijn-12-4789Fig1){#f1-ijn-12-4789}

![(**A**) Diagnostic scheme of nanodevice-based detection of blood-borne infectious diseases. (**B**) Quantum dot barcodes with different color fluorescence image (scale bar =20 µm). (**C**) Normalized quantum dot emission profiles for the quantum dots used for the barcodes in **B**. (**D**) The prototype of the polydimethylsiloxane microfluidic chip.\
**Notes:** Reprinted with permission from Klostranec J, Xiang Q, Farcas G, Lee J, Rhee A, Lafferty E, Perrault S, Kain K, Chan W. Convergence of quantum dot barcodes with microfluidics and signal processing for multiplexed high-throughput infectious disease diagnostics. *Nano Letter*. 2007;7(9):2812--2818. Copyright © 2007 American Chemical Society.[@b62-ijn-12-4789]](ijn-12-4789Fig2){#f2-ijn-12-4789}

![Point-of-care nanodiagnostics for tuberculosis through magnetic barcode assay.\
**Notes:** (**A**) The procedure of the assay including off-chip DNA extraction, asymmetric PCR, target capture, magnetic labeling, and µNMR detection. (**B**) The illustration of the fluidic cartridge that was used to streamline the assay (scale bar =1 cm). (**C**) The scanning (scale bar =1 µm) and transmission (scale bar =30 nm, inset) electron microscopy demonstrated that the beads were captured by the membrane filters and labeled with MNPs. Reprinted by permission from Macmillan Publishers Ltd: *Nature Communications*. Liong M, Hoang A, Chung J, et al. Magnetic barcode assay for genetic detection of pathogens. 2013;4:1752. Copyright 2013.[@b73-ijn-12-4789]\
**Abbreviations:** MNPs, magnetic nanoparticles; NMR, nuclear magnetic resonance; PCR, polymerase chain reaction.](ijn-12-4789Fig3){#f3-ijn-12-4789}

![Overview of the cell phone-based point-of-care diagnosis for human immunodeficiency virus and syphilis.\
**Notes:** (**A**) The iPod touch connected to the dongle with a microfluidic cassette. (**B**) Schematic illustration of dongle with a power-free vacuum generator. (**C**) Left: The reagent cassette that contains prestored reagents at the top layer and the test cassette at the bottom layer. Right: The flow sequences through test cassette. (**D**) Comparison of conventional ELISA versus the dongle for the diagnostic test. From Laksanasopin T, Guo T, Nayak S, et al. A smartphone dongle for diagnosis of infectious disease at the point-of-care. *Science Translational Medicine*. 2015;7(273):273re1. Reprinted with permission from AAAS. Copyright 2015 The American Association for the Advancement of Science.[@b15-ijn-12-4789]\
**Abbreviations:** ELISA, enzyme-linked immunosorbent assay; LEDs, light-emitting diodes.](ijn-12-4789Fig4){#f4-ijn-12-4789}

![Paper-based point-of-care nanodiagnostic platform for the detection of YFV, ZEBOV, and DENV using AgNPs for infectious diseases.\
**Notes:** (**A**) Lateral flow strips with CP loaded individually with orange, red, and green AgNPs conjugated to mAbs (from left to right). The size of strip is 20×3 mm. (**B**) Illustration of the sandwich assay. Limit of detection of (**C**) YFV NS1, (**D**) ZEBOV GP, and (**E**) DENV NS1 using the different AgNP-Abs. Reproduced from Yen C, Puig H, Tam J, et al. Multicolored silver nanoparticles for multiplexed disease diagnostics: distinguishing dengue, yellow fever, and Ebola viruses. *Lab Chip*. 2015;15:1638--1641. DOI <http://dx.doi.org/10.1039/C5LC00055F>, with permission of The Royal Society of Chemistry. © Royal Society of Chemistry. Available from: <http://dx.doi.org/10.1039/c5lc00055f>.[@b78-ijn-12-4789]\
**Abbreviations:** AgNPs, silver nanoparticles; CP, conjugate pads; DENV, dengue virus; GP, glycoprotein; mAbs, monoclonal antibodies; NC, nitrocellulose; NS1, nonstructural protein 1; SP, sample pad; YFV, yellow fever virus; ZEBOV, Ebola virus, Zaire stain.](ijn-12-4789Fig5){#f5-ijn-12-4789}

###### 

The overview of POC nanodiagnostic system for infectious diseases

  POC nanodiagnostic system                              Components               Advantages         Drawbacks           References
  ------------------------------------------------------ ------------------------ ------------------ ------------------- ----------------------------------------
  Diagnostic magnetic resonance platform                 Magnetic nanoparticles   Rapid              Not affordable      [@b71-ijn-12-4789], [@b72-ijn-12-4789]
  NMR system                                             Sensitivity              Not portable                           
  Magnetic barcode assay systems                         Magnetic nanoprobes      Rapid              Not affordable      [@b73-ijn-12-4789], [@b74-ijn-12-4789]
  Microfluidic system                                    Sensitivity              Needs extra DNA                        
                                                         Specificity              extraction steps                       
  Cell phone-based polarized light microscopy platform   Cell phone               Sensitivity        Not affordable      [@b75-ijn-12-4789], [@b76-ijn-12-4789]
  Polarized light microscopy system                      Specificity              Not portable                           
                                                         User-friendly                                                   
  Cell phone dongle platform                             Cell phone               Rapid              Not sensitive and   [@b15-ijn-12-4789], [@b77-ijn-12-4789]
  A dongle system with plastic                           Portable                 accurate enough                        
  cassettes                                              Affordable                                                      
  Gold nanoparticles and silver ions                     User-friendly                                                   
  Paper-based POCT platforms                             Silver nanoparticles     Rapid              Not sensitive and   [@b78-ijn-12-4789], [@b79-ijn-12-4789]
  Lateral flow system                                    Portable                 accurate enough                        
                                                         Affordable                                                      
                                                         Equipment-free                                                  
                                                         User-friendly                                                   

**Abbreviations:** NMR, nuclear magnetic resonance; POC, point-of-care; POCT, point-of-care test.
